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Abstract 


In the present study, the coil springs were tested experimentally, to know their heat 
transfer and friction characteristics. The coil springs were inserted in the smooth tube of 
internal diameter 16.5 mm and length 600-mm. The data were taken in the range of 
2400<Re<9000. Test section was subjected to a uniform heat flux and was preceded by a 
developing length of 140xdiameter brass tube. Temperatures at different locations were 
measured using Copper-Constantan thermocouples. Pressure drop and flow-rates were 
measured using inclined tube manometers. Both heat transfer augmentation and 
associated friction factors were calculated. Fractional increase in Nusselt number, friction 
factor and augmentation efficiency were calculated and compared with those for flow 
through the smooth tube. For the range of Re used, the efficiency of tube with springs 
was found to be lower than that for the twisted tapes and spirally fluted geometries, but it 
was found to be higher than that of mesh inserts, brush inserts, disks and stream line 
shapes. 
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Chapter 1 

INTRODUCTION 

1.1 What is heat transfer augmentation? 

The process of improving the performance of a heat transfer system is referred 
to as heat transfer augmentation, enhancement or intensification. 

The augmentation heat transfer is a very important area of research. This is 
because, in recent time urgency has been felt to conserve energy and to stop 
environmental degradation, which is possible when high performance heat transfer 
equipments are used. The importance of this topic can also be judged from the fact 
that a large number of publications in several journals are devoted to this topic. 

1.2 Application of heat transfer augmentation: 

Heat Transfer Augmentation is applicable to those industries or places where 
the heat transfer systems are present. For example, Heat Exchangers are one such 
system. Heat Exchangers are used in a very large number of engineering applications. 
Be it a power generation industry, aerospace industry, or chemical industry, their 
application is a necessity. A large number of enhancement technologies have been 
developed to improve the performance of heat exchangers. Because of the 
applicability of heat transfer augmentation to heaL exchanger that it has application 
not only in the traditional industries like steel, power generation and refrigeration, but 
also in modem industries like computer, aerospace and nuclear power. 
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1.3 Enhancement Techniques in Tube flow: 


Augmentation techniques are divided into 2 groups: ‘passive techniques’ and 
‘active techniques’. Passive techniques employ special surface geometries. The active 
techniques require external power such as electric or acoustic fields and surface 
vibration. 


1.3.1 Passive techniques: 


Principle: 


When fluid flows through a pipe, a thin boundary layer develops near the wall 
of the tube. It is this boundary layer that provides resistance to the heat transfer. If by 
using some device this boundary layer is destroyed, the heat transfer is enhanced. 
Passive techniques work on this principle. The following list briefly describes the 
passive techniques: 

• Coated Surfaces: Examples include a non-wetting coating, such as Teflon. Surface 
coating promotes condensation and nucleate boiling etc. 

• Surface roughness: Surface roughness increases the turbulence in flow, which 
results in heat transfer augmentation. This roughness is produced by many 
processes including internal knurling or threading, inserting rings of various types, 
inserting thin wire spirals, which are in good contact with the tube wall, and 
spirally grooving the tube etc. 

• Internally finned tubes: Internal fins not only disturb the flow but also increase the 
surface area available for heat transfer augmentation. 
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• Displaced promoters: This includes mesh inserts, static mixer elements, rings or 
disks. 

• Swirl flow devices: These devices create secondary swirling flow in the main 
flow, which results in enhancement of heat transfer. They include full-length 
twisted tapes, axial core inserts with screw type windings, and in-line propellers. 

• Coiled tubes, which may provide a very compact heat exchanger. 

• Surface tension: These devices use surface tension forces to drain the liquid films. 

• Besides all the above mentioned devices some additives can also be added in 
liquids and gases which increase the surface area for heat transfer enhancement. 

1.3.2 Active Techniques: 

Principle: 

If the flow is stirred by means of some external device, the turbulence is 

increased in the flow. As a result, heat transfer is enhanced. There are various active 

techniques like - 

• Rotating the surface by some mechanical aid. 

• Surface vibration. 

• Fluid vibration. 

• Electrostatic field can be directed to cause greater bulk mixing of fluid. 

• Injecting. the fluid to disturb the boundary layer or sucking it so as to remove it. 
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1.4 Objective of the present study: 


A number of studies have been conducted on a wide range of enhancement 
goemetries. Still the researchers are trying to find out some other devices to 
investigate their heat transfer enhancement characteristics. The present work, with a 
helical coil spring in a circular tube, is a step in that direction. 

In the present experimental analysis, constant heat flux conditions were used 
to determine the performance of the enhancement device. The working fluid is air. 

The overall objective of the present work is: 

• To carry out an extensive experimental investigation of pressure drop and heat 
transfer with a smooth tube and tube with helical coil springs inserted in the tube. 

• Comparison of results for an enhanced tube with those for a smooth tube to assess 
the performance of spring as an augmenting device. 

• Variation of heat transfer and friction factor characteristics of spring with its 
pitches. 


5 


Chapter 2 

LITERATURE REVIEW 

A number of geometries have been tested to find out how much enhancement 
of tube side convective heat transfer has taken place. So far the work in this area has 
been mostly experimental. The mathematical modeling has not been able to predict 
the heat transfer and pressure drop correctly for any of the augmenting geometries. 

Extensive investigation has been done on twisted tape inserts for both laminar 
as well as turbulent flows. Date and Singham (1972) considered a circular tube with 
twisted tape insert subjected too axially constant wall heat flux. They showed that the 
Nusselt Number was dependent upon 4 groups of parameters as given below: 

Re d / X l, C f in , P r and X L 
Where, C r,n = K m 5/K f d 

K m = Thermal conductivity for tape material 
X L = H (Pitch) /d(dia of tube) 

Date (1974) analysis showed that Nusselt Number increased by increasing the 
Prandtl Number and the Reynolds Number and by decreasing X l. They also 
correlated their numerical results within ±5% as, 

(/ Rt) d = 38.4(Re d / X L ) 005 6.1 < Re,,/ X L < 100 

C(Re rf / X L ) 0i Re d / X L > 100 
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Hong and Bergles (1976) also experimentally determined the friction factor 
for a twisted tape fully developed flow using ethylene glycol and water as test fluids. 
They correlated their test results by following expression 

Nu tl = 5.172(1 + 0.005484[Pr(Re i/ /X / ) 178 ] 07 }° 5 

Gupta and Date (1989) tested 3 tape geometries in an annulus with air as the 
test fluid. A semi analytical model was developed by them, which predicted the 
friction data reasonably accurately. 

Saha et al. (1989) conducted an extensive experimental programme on 
segmented twisted tapes in laminar flow of water with constant heat flux. They 
proposed a series of rather complex empirical correlations to predict the Nusselt 
number and friction factor as a function of Re, Y, Z, 

Where, Y: twist ratio and Z: dimensionless pitch 

Agrawal and Rao (1996) conducted experiments to evaluate friction and heat 
transfer characteristics of twisted tapes for heating and cooling of Servotherm oil 
(medium grade) under uniform wall temperature condition within 70 ^ Re ^ 4000 
and 195 < Pr < 375. Correlations were also developed for the prediction of Friction 
Factor and Nusselt Number. Several other geometries have been studied which are 
summarised in Tariq (19^9) and given here in table (2.1). 

Betal (1989) reported data for 3 propellers placed in a staggered manner in 
fully developed flow of water through a pipe subjected to constant heat flux. 

Chaturvedi and Kant (1992) also conducted experiments with in-line 
propellers placed in fully developed flow of water through a pipe in the Reynolds 
number range of - 16000 < Re < 68000 . Results showed that the maximum 

augmentation in heat transfer was obtained at the interpropeller distance of 9.72D 
(where D was the internal diameter of the tube) and Re = 45000. 





Table 2.1 

Comparison of Heat Transfer Coefficient Augmentation ith Various Augmentation 
Devices under their Best Operating Conditions. 


Promoter 

Exp. Conditions 

Re 

Nur, 

pvi ; 

n 

Twisted tapes 

For wtiter in 1.02 cm i.d. tube 

loo 

1.3 

1 1.5 

0.74 

(Laminar) Monk and 
Burgles ( 1974) 

with 0.97 cm wide (wisted 
tapes of pitch to dia ratio of 
2.45 

2000 

8.5 

1 1.5 

to 

0.1 1 

Twisted tapes 

For water in 3.51 cm i.d. tube 

20,000 

3.5 

2.5 

1.5 

(Turbulent region) 
Smithberg et.al. 

(1964) 

with 3.48 cm wide twisted 
tapes of pitch to dia ratio of 
3.62 

50,000 

3.5 

2.0 

to 

1.4 

Wire coils Krieth et. 

For water in 1.35 cm i.d. tube 

10,00) 

3.2 

6.8 

0.71 

Al. (1959) 

with close fitting wire coils of 
pitch to dia ratio of 1 .77 

10,000 

3.4 

4.8 

to 

0.47 

Mush in. sens 

Megerlin et.al. 

(1974) 

For water in 0.53 cm i.d. mix 
with close fittings s.s. mesh 
inserts of 80% pomsitv. 

10,000 

to 

30.000 

9.0 

55.0 

0. U) 

Brush inserts 

Megerlin et. Al. 

(1974) 

For water in 0.53 cm i.d. tulx 
with close fitting s.s. brushes 

10.000 

to 

30.000 

5.0 

35.0 

0.09 

Disks Evans and 

For water in 2.55 cm i.d. tube 



75.0 

0.04 

Churchill ( 1962) 

with disks of 2.33 cm dia at 
spacing of 12 dia 

on 


100.0 

•to 

0.02 


Cm i.d. mix: with 1.91 cmo.d. 
and 1.57 i.d. rings spaced 0.64 
cm apart 

■ 


12.5 

0.15 

to 

0.03 

Streamline shapes 

For water in 2.55 cm i.d. tube 

10,000 

2.2. 

35.0 

0.06 

evans and Churehil 
( 1962) 

with streamline shapes of 2.23 
e.m dia at a uniform spacing 
of 12 tube dia 

5,000 

1.7 

40.0 

to 

0.04 

Static Mixers Lin et. 

For III 33 in 1.27 cm i.d. tube 

1 ,000 

6.0 

3.0 

KEH| 

Al. (1977) 

will) close fitting static mixers 
of pitch to dia ratio of 1.5 

5,000 

10. 

0 

4.6 


Propeller type 
baffles (static) 
colbum et al. (1931) 

For air in 6.67 cm i.d. tube 
with baffles spaced uniformly 
7.62 cm apart. 

25.000 -1 

to 

150,000 

3.4 


■ 

In-line Propellers 
Octal (1989) 

For water in 5.0 cm i.d. tube 
with 3 in-line propellers 
placed staggeredly. 

4.000 
to 

10.000 

1.1 

to 

2.0 

3.5 

to 

4.7 

■ 

In-line propellers 
Chaturvedi on Kant 
(1992) 

For water in 5.0 cm i.d. tube 
with 5 in line propellers 
spaced 9.72 D apart 

40.000 
to 

55.000 

6.0 

4.0 

2.5 
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Khanna and Kant (1994) showed that the efficiency with 3 in line propellers 
placed in fully developed flow of air through the pipe was greater than that with the 
mesh inserts, brush inserts, disks, and streamline shapes, but lower than that for the 
twisted tapes. 

Marto et al. (1979), Yampolsky (1983, 1984) and Panchal & France (1986) 
have tested several spirally fluted tubes. The data showed an increase of 50-300 % in 
heat transfer relative to smooth tube while negligible change in corresponding friction 
factor. Lu Cheng et al. (1994) has tried to explain the underlying causes for this 
highly desirable behavior of spirally fluted tube. They claimed that it was especially 
high Prandtl number mixing that was enhanced by passage through spirally fluted 
tubing. 


Obot et al. (1992) did an extensive experimental investigation on 23 
commercially available enhanced passages. The internal surfaces of all enhanced 
passages had spirally shaped geometries as shown in Fig (2.1). The test conditions for 
the flow is given in table (2.2). 

Panchal & France (1993) tested spirally indented tubes for heat exchanger 
applications with water as test fluid in the Prandtl Number range of 3.6 < Pr < 8.8 . 

Fu & Tseng (1994) studied numerically the heat transfer in a heated circular 
tube with an inner tube inserted. Calculations were performed for Reynolds numbers 
of 100, 500 and 1000 and Prandtl numbers of 0.1, 0.7, 7.0 and 10.0. The results 
showed that except at very low Peclet Number the heat transfer rate of heated tube 
was increased when an inner tube was inserted. 

A recent experimental investigation was done by Jensen &. Vlakancic 
(1999) on internally finned tubes with water as test fluid. They studied both micro- 
finned tubes as well as high finned tube and developed the correlations for the Nusselt 
number and friction factor. They showed that the effect of various parameters on heat 
transfer augmentation and pressure drop was not same for micro finned tubes and 
high finned tubes. They showed, for example, that the heat transfer augmentation was 
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Fig 2-.1 

Photographs of surface contours for different passages. 


TABLE 2.2Test Conditions for the Flow Passages. 
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increased by increasing the number of fins for high finned tubes while it was 
insensitive for micro finned tubes. 

Ravigururajan and Bergles (1995) obtained experimental data for in-tube flow 
of low temperature water to understand the characteristics of internally enhanced 
tubes for small e/d ratio of 0.2 and less. They also established the optimum 
description design parameters for different Prandtl Numbers. 

Numerical studies on flow through the spirally indented tubes were also done 
by Kalnin (1974), Withers (1980 a, b), Li et al. (1982), Yorkshire (1982), 
Ravigururajan & Bergles (1985, 1986) and Bergles (1986). They presented statistical 
correlations that could be used independently to evaluate friction factor and heat 
transfer coefficient. Wither’s correlations overpredicted the friction factor and 
deviation increased to over 50 % with increasing indentation height beyond 0.038D 
(D:diameter of the tube). Li’s correlations did not predict correctly for the small 
indentation height. The best prediction was done by the Bergles’ correlation. 
Similarly heat transfer coefficient due to Wither and Li were not predicted correctly 
for large pitches. Wither’s equation overpredicted the heat transfer coefficient while 
Li’s equation underpredicted the data, though both correlations predicted data trend 
reasonably well. 

Dolata (1984) studied the augmentation of heat transfer between fluid stream 
and tube wall by embedded perforated baffles. The work revealed that the 
enhancement of heat transfer could be predicted with reasonable accuracy by a , simple 
correlation as, 

Nu = 0.34(Re + ) 0,698 (Pr) 0 ' 4 

Where, Re + = Re(^ /8) l/2 and £ = — 

pil'L 

Besides the circular tube, heat transfer enhancement for the non-circular ducts 
with a fluid flowing through it has also been studied. Kostic (1994) reviewed the 
current knowledge on fluid mechanics and heat transfer of non-Newtonian fluids in 
rectangular or square ducts. He proposed that fluid elasticity might be the major factor 
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for the laminar heat transfer enhancement in non-Newtonian fluids in non-circular 
duct flow. 

Lin et al. (1996) investigated the laminar flow heat transfer enhancement in a 
small-scale duct with Aqueous Carbopol solutions. He showed that enhanced heat 
transfer behavior of the Carbopol solution within low Reynolds number range is 
different from that within relatively high Reynolds number range. He also showed 
that there exists a limiting polymer concentration, Cmax at which the non-Newtonian 
fluid possesses the maximum ability to enhance the heat transfer. Besides this the 
effect of various geometrical parameters such as, duct shape, rib height etc. were 
studied by many researchers like Chandra & Han (1989), Chyn & Wu (1989), Taslim 
et al. (1991), Archrya et al. (1993), Liou & Hwang (1993) and Taslim & Wadsworth 
(1994). 


Chapter 3 


THE EXPERIMENTAL 
DESCRIPTION 

3.1 Introduction 

As mentioned in previous chapter, a number of surface geometries 
have been tested for augmentation of heat transfer in different ranges of 
Reynolds Number. In each case the objective has been to assess as how much 
heat transfer has been increased and how much is the increment in pressure 
drop? As per our knowledge coil springs of varying pitches have not been 
tested so far. The coil springs are easy to manufacture and in many cases are 
available in market. They are also easily reproducible geometries. That is why 
they were selected as augmenting surface geometries in the present 
investigation. 

3.2 Dimensions of coil springs: 

In the experiment air was blown through a brass tube of internal 
diameter 16.5 mm and length 600-mm. The coil springs were such that they 
just touched the internal surface of the tube. Thus the external diameter of 
each coil spring was very close to 16.5 mm within the tolerable limit so that 
it can easily enter inside the tube. The length of each spring was 600 mm. 
Four springs were used with pitch 4 mm; 9 mm, 15 mm, and 42 mm to know 
the dependency of heat transfer on pitches. The maximum pitch depended oh 
the limitations in manufacturing the springs. Special order was placed to 
manufacture these springs. 



3.3Test Unit: 


Test section was a brass tube of internal diameter 16.5-mm, external 
diameter 22.0 mm and length 600 mm. Air from a compressor was blown 
through it. This test section was preceded by another brass tube, which had 
its internal diameter 16.5 mm and length 2500 mm. This longer tube was 
fitted to the test section so that the flow became fully developed at the 
entrance of the test section. The developing length was calculated on the 
basis that, for flow through a pipe the developing length is equal to the 140 
times the diameter of the pipe. 

Twelve equispaced axial locations were chosen on the top surface of 
the test section to measure the temperature. Further at each location 
temperature was measured on 2 circumferentially opposite points. Small 
grooves (about 1.25 mm deep) were made to place the thermocouple beads 
properly. 

The test section and developing length were joined by 2 brass 
flanges. A thick gasket seal (about 20 mm thick) was sandwiched between 
the 2 flanges. This was done to avoid the air leakage and also to minimize 
the heat loss by longitudinal conduction through the brass. 

How the thermocouples were set? 

First the thermocouple beads were placed in grooves in such a 
manner so as to ensure their surface contact with the groove surface. After 
that thermocouples were wound tightly with G.I. wire and cello tape so as to 
ensure that it did not get displaced from its location. 



3.4 Experimental Set- Up: 

3.4.1 General Description 

The experimental set-up is shown in Fig 3.1. The compressed air was 
provided by an air compressor. To ensure the constant flow rate a pressure 
regulator was fitted just at the compressor exit. Air, then flew through a 
brass tube of 16.5-mm internal diameter and 2500 mm length. Thus a 
hydrodynamically developed flow was achieved at the entrance of the test 
section. The test section was subjected to a constant heat flux. The uniform 
heating was achieved by A.C. current from a stabilized single phase variable 
voltage transformer to the flexible heating tape (covered by U.K. Patent No. 
668163) which was wound uniformly over the entire test section. The test 
section was insulated using glass wool. Aluminum foil was wound over the 
test section to avoid the heat gain from outside. To measure the voltage 
applied across the heating tape and current passing through it a digital 
voltmeter and an ammeter were used respectively. For selecting the suitable 
voltage and wattage, the company-supplied nomogram was used. It indicated 
the maximum voltage that can be applied across the heating tape without 
causing any damage to it. 

3.4.2 Thermocouple Specification: 


Copper - Constantan Thermocouple supplied by Love Controls 
Corporation U.S.A were used. These thermocouples were initially calibrated 
using the constant temperature bath of silicone oil with an accurate 
standardized Hg-in glass thermometer. 


3.4.3 Temperature Measurement 


All the thermocouples were connected to a temperature measuring 
instrument (THERM - 3280 - 6M, Nr T <MWWIH3 m 220 V/50 Hz German 




Fig 3.1(a) Photograph of Experimental Rig. 



coil springs used as 


Fig 3.1(b) Photograph of helical 


augmenting devices 
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Schematic Diigram of the Teat Section 


Y 


-Thermocouple 


Figure &.2 





Make) through selector switches. By changing the position of knob on 
selector switch we get the temperature (in °C) as measured by different 
thermocouples. A total of 26 thermocouples were used. Two of them were 
used to measure bulk air temperature at the inlet and outlet of the test 
section. Rest 24 thermocouples were used to measure wall temperature of 
the tube. As mentioned earlier, at each axial location 2 thermocouples were 
fixed at circumferentially opposite points. This was done to minimize the 
error in temperature measurement. 


3.4.5 Measurement of Pressure drop across the 
test section 


To measure the pressure drop across the test section 2 types of 
inclined tube manometers were used. In case of smooth tube, the pressure 
drop across the tube was very small. Therefore, a manometer was needed 
which could measure accurately even a very low pressure drop. So an 
inclined tube manometer with manometric fluid of specific gravity 0.826 
having a range of 0 to 0.1 inch of H 2 O was used. However, when the coil 
springs were inserted inside the tube, the earlier manometer was not able to 
measure the pressure drop as it shot beyond the range of the manometer. 
Hence, another inclined tube manometer of higher range had to be used; it 
had distilled water as the manometric fluid (specific gravity 1 .000). 


3.4.6 Measurement of Flow Rate 


To measure the flow rate, an orifice meter was used. Flow rate was 
measured in terms of pressure drop across an orifice plate. Readings were 
taken using an inclined tube manometer with manometric fluid of specific 
gravity 0.826. The orifice meter was calibrated prior to the measurements 
using the calibration chart. 



3.4.7 Experimental Procedure 


The steps involved in performing the experiment were as follows: 

1) . The compressor was switched on and the pressure regulating 

valve was opened to get the desired flow rate. 

2) . A suitable voltage across the heating tape was applied using a 

variac. 

3) . Steady state was obtained approximately after an hour. Then the 

readings for the temperature and pressure drop were taken. 

4) . In a similar way each time flow rate was increased and data were 

recorded. It is worthwhile to mention that steady states for the 
second and subsequent flows were obtained after time intervals 
of 15 minutes. 

5) . Once the experiment with smooth tube was over, the flanges 

from the exit side of the test section were removed and spring 
was inserted inside the tube. Flanges were again Fitted and all 
the above mentioned steps were repeated. 

6) . Similarly the experiments were conducted for other springs. 



Chapter 4 

RESULTS AND DISCUSSION 

This chapter is divided into 7 sections. First section consists of the 
assumptions involved in evaluating Nusselt number and friction factor. Second 
section deals with the complete procedure for evaluating Nusselt number. 
Computation of friction factors is discussed in the third section. In next section 
experimental data obtained for smooth tube have been compared with the published 
data. Fifth section analyzes the data and evaluates the spring as an augmenting device. 
Conclusions from the study are given in sixth section. Last section suggests some of 
the future work that may be carried out in this direction. 

4.1 Assumptions 

1. The thermocouples fixed to the test section at various locations measure the 
outside wall temperature. Since the thickness of tube is small and conductivity 
of brass is sufficiently high, therefore there will be a minute difference (0.02°C 
as calculated considering one dimensional steady state conduction) between 
outside wall temperature and inside wall temperature. This difference has been ' 
neglected and for all calculation purposes, inside wall temperature has been 
taken as the outside wall temperature. 

2. Since the temperature increase of air from inlet to outlet was not very high, 
it has been assumed that the temperature of the fluid at a particular location in 
the test section, i.e. Ta x , varies linearly from the inlet to the outlet of the test 
section. 



4.2 Calculation of Nusselt number 

4.2.1 Procedure for calculating Nusselt number 


As mentioned earlier, temperatures at twelve locations along the length of test 
section were measured. At a particular position, temperatures were measured on two 
circumferentially opposite points. The steps involved in calculation of Nusselt 
number are narrated in sequence below : 

1. Average temperature (Tw x ) at each location is calculated taking mean of 
two temperatures measured at two circumferentially opposite points. 

2. Using the inlet and exit air temperatures and assuming linear variation (as 
mentioned above), the bulk air temperatures (Ta x ) at various locations were 
calculated. 


3. Mass flow rate was calculated by using the following formula 


m = 


J= A,j2pJAP) kgs - 

Vi UF 


(4.1) 


where, ) 3 = 0.6 ( diameter ratio) 


A, = (7t/4)d 2 , d : diameter of orifice meter = 15 mm 

p n = density of air 

C,/ = coefficient of discharge 

= 0.755 for the orifice used in our experiment 
AP = peghc , ( p c = density of manometric fluid ) 
h c = reading of inclined tube manometer 


Here p u wits calculated at T = 308 0 K 
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4. Using flow rate m, Reynolds Numbers were calculated as follows 



(4.2) 


where, 

l J . i = dynamic viscosity 
d = envelope diameter 

It should be noted that diameter of an enhanced tube can be 
expressed in many ways. In this thesis, maximum diameter of the enhanced 
tube was taken to be the enveloped diameter, as suggested by Mamer et al. 
(1983 ). Here d = D, ( internal diameter of the tube ). 

5. Local Nusscll Number at any location x is given by 


Nu x 


hD, _ qD, 
k h K(Tw { -Ta x ) 


where, q (heat flux transferred to the fluid) = Q/As 


( 4 . 3 ) 


In ideal condition this heat Q must be equal to the total heat 
supplied by heating tape. However because of various losses involved the heat 
supplied by heating tape was not equal to the net heat carried away by the 
fluid. Therefore here in all calculation Q is taken as the heat carried away by 
the air. i. e. 


Q = mC l ,(Ta ii -Ta i ) 


( 4 . 4 ) 


Hence, 


-Ta^D-, 
A s k h (Tw x -Ta x ) 


( 4 . 5 ) 





Where, 

m = mass flow rate of air 

C p = specific heat of air calculated at mean temperature (Id/ + Ta 0 ) / 2 
Di = internal diameter of the tube 
As= inner surface area of the tube 

kb = thermal conductivity of the fluid at mean temperature ( Ta ■, + Ta 0 ) 1 2 

The variation of the Local Nusselt Number for different Reynolds 
Numbers with respect to axial positions along the length of the tube are 
tabulated in Tables 4.1 to 4.5. Their plots are given in Figs. 4.1 to 4. 10. 

6. The average Nusselt Number for a particular flow rate was calculated by 
integrating the local Nusselt Number over entire length, L, of the test section 
using Trapezoidal rule as follows: 

— 1 1 *} 

Nu = Nu x dx = [Nu ]25 + 2(Nu [15 + Nu ^ + Nu 215 

(**-*.); 

■b ~b "b ^ U 42J ) "b ^ M 475 H 7 

(*l ~Xy) 

( 4 . 6 ) 

where, 

h = 50 mm 

x 2 -x,= 475-125 = 350. 

The average Nusselt Numbers are given in Table 4.6 and plotted in 
Fig.4.11. 


4.2.2 Sample Calculation: 


Calculation of Nusselt Number at x = 125 mm: 


Ta t = 34.7" C 
Ta 0 = 65.0" C 


Table 4. 1 . Local Nusselt number variation with axial distance x for different Reynolds 

number (for smooth tube) 


Axial 
position 
along 
the 
length 
of the 


Local Nusselt Number ( Nu ) at different values of Reynolds Number ( Re ) 


tube 
( x ) in 
mm 

Rc = 

2400 

Rc = 

3400 

Rc = 

4167 

Rc = 

4823 

Rc = 

5363 

Rc = 

5903 

Rc = 

6366 

Rc = 

7215 

Rc = 

7948 

Rc = 

8643 

25 

13.60 

20.58 

26.01 

30.58 

34.50 

37.62 

40.23 

43.01 

48.45 

50.27 

125 

8.07 

11.81 

14.94 

17.53 

19.61 

21.59 

23.15 

25.58 

28.86 

29.68 

175 

6.58 

9.62 

12.11 

14.24 

15.83 

17.47 

18.41 

20.23 

22.72 

23.41 

225 

B 

10.55 

13.49 

16.06 

18.33 

20.26 

21.60 

24.24 

27.83 

28.29 

n 

7.78 

11.55 

13.83 

17.63 

19.81 

22.02 

23.46 

26.16 

29.73 

30.33 

325 

8.42 

12.54 

16.23 

19.51 

22.17 ' 

24.66 

26.20 

29.42 

33.15 

33.33 

n 

8.67 

12,92 

16.88 

20.31 

23.17 

25.92 

27.36 

30.44 

35.72 

36.02 

425 

8.56 

12.34 

15.76 

18.84 

21.24 

23.27 

25.03 

27.75 

29.99 

29.79 

475 

9.56 

13.78 

17.26 

20,59 

22.91 

25.14 

26.71 

29.42 

32.07 

31.47 

B 

20.08 

30.41 

39.39 

49.94 

55.82 

63.94 

66.25 

73.21 

83.47 

79.23 

B 

31.77 

46.21 

58.45 

80.98 

90.29 

104.68 

103.97 

104.27 

130.71 

1 18.16 























































































Tabic 4.2: Local Nussclt number variation with axial distance x for different Reynolds 
number (for tube hfaving spring of pitch 4mm.) 


Axial 
position 
along the 
length of 
the tube 
( x) in . 


Local Nu 

sselt Number ( Nu ) at different values of Reynolds Number ( Re ) * 

mm 

Rc = 
2400 

Rc = 
3400 

Rc = 
4167 

Rc = 
4823 

Rc = 
5363 

Rc = 
5903 

Rc = 
6366 

Rc = 
7215 

Rc = 
7948 

Rc = 

8643 

25 

13.06 

20.53 

27.40 

31.88 

35.50 

40.69 

45.44 

55.56 

62.56 

68.70 

125 

8.36 

12.69 

17.44 

20.39 

22.95 

26.24 

29.32 

34.82 

41.20 

45.23 

175 

6.94 

10.44 

14.06 

16.17 

18.15 

21.19 

22.95 

26.95 

31.85 

34.63 

225 

7.99 

12.31 

17.31 

20. OR 

22,53 



35,77 

42.77 

49.64 

275 

9.03 

14.04 

19.79 

22.46 

25.31 

29.16 

32.95 

40.02 

48.35 

53.60 

325 

9.72 

15.07 

21.56 

25.10 

27.83 

31.70 

36.40 

44.24 

53.66 

60.05 

375 

10.02 

jm 

22.59 

25.59 

29.31 

34.00 

39.39 

48.13 

57.91 

66.50 

425 

H 

13.78 

19.41 

21.37 

24.10 

27.45 

30.59 

36.44 

43.10 

46.70 

475 

10.29 

15.42 

21.98 

23.76 

26.70 

30.14 

33.71 

42.36 

48.16 

52.53 

525 

22.27 

34.46 

61.56 

61.18 

70.70 

85.65 

100.77 

1 30.02 

163.65 

187.04 

IB 

■ 

60.17 

147.59 

100.43 

115.23 

146.56 

172.01 

250.22 

331.62 

511.30 
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Tabic 4.3: Local Nussclt number variation with uxial distance x for dilTerent Reynolds n 

number (for tube having spring of pitch 9mm.) ' 


Axial 
position 
along the 
length of 
the tube 

( x) in . 

Local Nusselt Number ( Nu ) at different values of Reynolds Number ( Re ) 

mm 

Rc = 
2400 

Rc = 
3400 

Rc = 
4167 

Rc = 
4823 

Rc = 
5363 

Rc = 
5903 

Rc = . 
6366 1 

Rc = 
7215 

Rc = 
7948 

Rc = 

K643 

25 

16.77 

28.36 

35.03 

41.01 

46.15 

48.59 

54.85 

62.60 

70.95 

77.46 

125 

11.27 

18.85 

23.90 

27.18 

30.97 

32,42 

38.94 

45.22 

48.49 

50.80 

175 

9.29 

14.81 

18.77 

21.15 

24.49 

25.18 

30.19 

34.73 

» i, 

38.13 

41.13 

225 . 

10.70 

18.07 

23.44 

27.05 

31.65 

33.52 

40.80 

46.96 

53.58 

58.22 

275 

11.58 

19.26 

24.80 

27,85 

33.79 

35.31 

43.68 

50.53 

57.19 

62.81 

325 

12.56 

21.42 

27.90 

32.31 

38.29 

39.78 

50.79 

58,14 

67.22 

75.26 

375 

12.70 

21.35 

28.26 

32.69 

39.07 

41.12 

51.94 

62.61 

72.99 

80.60 

425 

11.25 

17.73 

22.85 

25.93 

/ ■ 

30.65 

31.22 

39.86 

44.94 

52.84 

58.67 

475 

12.43 

19.72 

25.34 

28.41 

33.54 

34.47 

45.11 

51.59 

57.62 

64.33 

525 

36.97 

49.04 

70.95 

79.98 

101.01 

^9.40 

163.23 

197.99 

264.24 

319.11 

575 

37.43 

66,94* 

98.06 

1 1 1 .66 

151.84 

■ 

29K.09 

366.29 

547.34 

1329.64 
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Tabic 4.4: Local Nussclt number variation with axial distance x lor different Reynolds 
number (for tube having spring of pitch 1 5mm.) 


Local Nusselt Number ( Nu ) at different values of Reynolds Number ( Re ) 







WM 

mm 


.91 23.14 28.30 31.98 34.64 37.89 j 40.65 46.54 j 51.27 j 56.76 


125 9.91 15.90 20.48 23.76 26.49 29.88 32.01 37.68 41.30 46.97 


5 8.11 12.96 16.32 19.36 21.24 23.56 25.61 32.76 33.95 36.96 


Rc = 

!( 

1) 

7215 

7948 

46.54 

51.27 

37.68 

41.30 

32.76 

33.95 

36.58 

40.64 




225 9.14 14.71 19.13 22.51 25.55 


275 9.78 15.69 20.48 24.64 27.46 31.01 34.11 


325 10.27 16.81 21.99 26.44 29.22 34.79 36.59 43.49 48.08 


375 10.58 17.22 22.68 27.26 31.40 36.44 39.81 47.33 50.41 55.62 


425 9.47 14.52 18.53 21.85 24.23 27.98 30.44 35.19 38.56 42.09 


20.34 24.00 27.29 31.01 33.91 40.05 41.47 45.27 


525 20.98 32.88 42.23 50.29 56.7 1 64.79 70.82 75.45 90.62 98.40 

575 32.31 50.17 62.77 72.55 88.82 106.18 116.64 119.60 126.50 117,75 























































































IX 


Tabic 4.5: Local Nusselt number variation with axial distance x for different Reynolds 
number (for tube having spring of pitch 42mm.) 


Axial 
josition 
long the 
sngth of 
.he tube 
( x) in 

Local Nusselt Number ( Nu 

) at different values of Reynolds Number ( Re ) 

mm 

Re = 
24(H) 

Re = 
3400 

Re = 
4167 

Re = 
4823 

Re = 
5363 

Re = 
5903 

Q| 

Re = 
7215 

Re = 
7948 

m 

B 


19.74 

24.54 

28.01 

30.27 

31.10 

31.25 

32.95 

37.04 

40.48 

B 


14.04 

17.78 


22.43 

B 


26.46 

29.83 

30.93 

175 

7.64 

1 1.55 

14.50 

16.94 

18.38 

18.96 

19.19 

21.11 

23.65 

24.77 

225 

8.55 

13.57 

a 

B 

22.41 

23.33 

23.53 

26.63 

31.44 

32.37 

275 

9.39 

15.09 

19.36 

22.54 

25.13 

26.13 

25.95 

29.12 


34.25 

' 

325 

10.08 

15.71 

20.12 

23.59 

26.33 

27.33 

26.81 

30.07 

33.85 

35.62 

375 

10.43 

16.03 

20.90 

24.15 

) 

27.99 

28.75 

28.28 

31.49 

36.87 

37.70 

425 

8.92 

13.03 

15.76 

19.59 

21.04 

21.76 

21.04 

25.54 

31.72 

33.47 

475 

11.25 

16.14 

20.10 

23.34 

25.72 

26.30 

24.96 

30.26 

35.25 

35.03 

525 

20.32 

30.91 

39.43 

49.93 

52.85 

52.88 

47.69 

57.88 

81.89 

81.94 

575 

6L42 

85.72 

100.81 

120.73 

131.33 

138.22 

| 86.38 

113.10 

128.19 
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Fig 4.1 :Nusselt number variation along the length of tube [Smooth Tube] 
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Fig 4.2:Nusselt number variation along the length of tube [Smooth Tube] 



Fig 4.3:Nusselt number variation along the length of tube [with pitch 4 mm) 
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Step: 1 


Tw 


125 


74.2 + 74.0 
2 


74.1" C 


Step: 2 


- T 7a fJ -7a, 

Ta l2J =Ta ,+ — - *-xl25 


= 34.7 + -- - 34 ' 7 x 125 


600 


= 41.013° C 


Step: 3 


p u = lASkgm^ 
p =2x10 ~ s kgm~'s~' 

Using Eq. (4.1) 

m = 6.22x1 O' 4 kgs* 


Step: 4 

Using Eq. (4.2) 

Re = 2399.86 =2400 


Step: 5 


C p = 1 .001 KJ / kg" C 
k b = (U)21W/m K 
A s =kD ; L 

using Eq.(4.5 ) 

Nu ns =11.27 



4.3 Evaluation of Friction factor: 


Pressure drop across the test section was been measured by an inclined tube 
manometer. The friction factor was calculated using following expression: 


/ = 


2L 


h Pa 


m 


( 4 . 7 ) 


where, 

Pl : density of manometric fluid 
A, : cross section area of the tube 
D, : inside diameter of the tube 
L : length of the tube 
h : reading of inclined tube manometer 

Using the above equation the friction factors were calculated and arc given in 
Table 4.7. Their plots are shown in Fig.4. 12 

4.4 Comparison with Published Data (Smooth 
Tube) 

The experiments were conducted over a Reynolds number range of 
approximately 2400 to 9000. The apparatus, instrumentation, and procedure were 
checked by comparing the experimental data on a smooth tube with those from 
literature. 

The heat transfer data (flg-4. 11) were found to be in good agreement with 
those obtained from the correlation for the turbulent region (Petukhov and Popov, 
1963, Nu = 0.022 Pr 0 5 Re 08 ).Therefore the apparatus and instrumentation were 
considered good enough for taking required data on the test section with springs. 



Reynolds 

Number 

(Re) 


2400 


3400 


4167 


4823 


5363 


5903 


6366 


72 


7948 


8643 


Smooth 

Tube 

Tube with coil springs in various pitches 

(xio~ 3 ) 

4 mm pitch 

9 mm pitch 

15 mm pitch 

42 mm pitch 


7.295 


7.299 


7.315 


7.308 


5.912 


6 . 


5.805 



5.100 


4.630 


0.0620 


0.0576 


0.0547 


0.0487 


0.0457 


0.0422 


0.0402 


0.0358 


0.0321 


0.0285 


0.1095 


0.121 


0.1002 


0.0730 


0.0683 


0.0625 


0.0577 


0.0510 


0.0479 


0.0420 


0.0563 


0.063 1 


0.0606 


0.0533 


0.0506 



0.0425 


0.0356 


0.0343 


0.0320 


0.0270 


0.0248 


0.0256 


0.0226 


0.0201 


0.0189 


0.0176 


0.0152 


0.0144 


0.0136 
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4.5 Analysis 


As mentioned above, to evaluate the performance of the augmenting geometry 
a parameter r\ ( called efficiency index ) was calculated. It is defined as: 

Nu(et)/Nu(st ) 

"“■7 mihs,)- (48 > 

Values of T| are given in Table (4.10). 

4.5.1 Data Reduction: 

It had been observed, after calculation, that the local Nussell Numbers are 
exceptionally very high at the locations which were near to inlet and outlet of the test 
section. This was more in case of locations x = 525 mm and x = 575 mm which were 
very near to outlet of the tube. This can be explained in terms of insufficient thickness 
of the insulation (Gasket seals between the flanges at the outlet and inlet of the test 
section). Because of insufficient thickness heat loss was very large at the inlet and 
outlet of the tube (total heat loss varies from 22% to 62%). This resulted in lower 
temperature of the wall near the both ends. As a result local Nusselt Number 
increased to high value at these locations. Therefore these data (data at x =25 mm, x = 
525 mm and x = 575 mm) did not show the true behavior of local Nusselt Number. 
Hence the data at these points were excluded while plotting Nu x . Further while 
calculating Nu (average Nusselt Number) they were not taken into account. 


4.5.2 Analysis of various parameters ; 

Fig. 4.1 to Fig. 4.10 show the variation of Local Nusselt Number, Nu x . with 
the axial distance for various values of Reynolds Number ,Re. It is observed that : 

• As Re increases, Nu x increases. This is because at higher Reynolds 
Number turbulence increased which resulted in better flow mixing and 
consequently better heat transfer. 



Table 4.8: Variation of fractional increase in Nusselt number with Reynolds number 















































Table 4.9. Variation of fractional increase in fanning friction factor with Reynolds 


Reynolds 
Number (Rp) 


2400 


3400 


4167 


4823 


5363 


5903 


6366 


7215 


7948 


Tube with coil springs in various pitches 
4 mm pitch 9 mm pitch 15 mm 42 mm pitch 


8.499 


7.891 


7.666 


15.010 


16.978 


14.043 


7.718 


8.645 


6.664 

9.989 

7.730 

11.553 

6.906 

10.227 

6.925 

9.440 

6.687 

9.526 

ma 

9.392 

6. 1 56 

9.071 


.293 


8.559 


7.707 


7.321 


6.649 


6.765 


6.91 1 


3.398 


3.400 


3.093 


3. 


2.839 


2.824 


2.937 



































Table 4.10: Variation of efficiency index with Reynolds number 


Reynolds 
Number (Re) 


Tube with coil springs in various pitches 


4 mm pitch 9 mm pitch 15 mm pitch 


2400 

0.131 

0.095 

0.156 

3400 

0.147 

0.097 

0.152 

4167 

0.168 

0.1 16 

0.157 

4823 

0.182 

0.155 

0.180 

5363 

0.157 

0.140 

0.153 

5903 

0.182 

0.150 

0.176 

6366 

0.193 

0.180 

0.189 

7215 

0.217 

0.196 

0.222 

7948 

0.245 

0.202 

0.211 

8643 

0.276 

0.226 

0.222 


0.315 


0.357 


0.338 


0.383 


0.343 


.353 


0.334 


0.365 


0.379 


0.372 





















































• Along the axial length from inlet to outlet, generally a slight increase in 
N U x has been seen. As we know in case of fully developed turbulent flow 
through a tube, subjected to a constant heat flux, • T(=Tw x -Ta x ) remains 
constant along the length of tube. So the local Nusselt Number should be 
same along the entire length of tube. The deviation of nature of Nu x in the 
experiment from the theoretical nature may be explained in two ways * 


(i) Despite the best effort to ensure uniform winding of heating 
tape along the length, it is possible that the heating was not 
uniform throughout the length. 

(ii) Thickness of the insulation (glass wool) may not be even 
throughout the length. This will result in heat loss to the 
ambient by conduction in radial direction. 

Fig 4.1 1 shows the variation of Average Nu for smooth tube and for enhanced tubes . 
with respect to Reynolds number. It is evident from the plot that: 

• As the Reynolds number is increased, the average Nusselt number 
increases steadily for all types of tubes .i.e. smooth tubes and enhanced 
tubes. Overall it is evident that as the flow becomes more turbulent, the 
average Nusselt number keeps on increasing. 

Fig 4.12 shows the variation of fanning friction factor with Reynolds number. It is 
observed that, 

• Friction factor for smooth tube decreases very slowly in turbulent region 
as wc increase the turbulence by increasing the Re. These experimental 
data showed the expected trend. 

• The value of friction factor for the enhanced tube, f increases to a 
maximum(this is more prominent in case of tubes having springs of pitch 9 
mm and 15 mm) and then starts decreasing and then tends to become a 
constant. 

• In general the friction factor for enhanced tubes having springs of different 
pitches is more than that for the smooth tube. This is expected because by 



inserting a spring in the tube, turbulence was increased, therefore the 
resistance to flow was also increased. 

Fig. 4.13 shows the variation of fractional increase of Nu, [Nu(et)/Nu(st)J, with Re. It 
can be seen that, 

• For the tubes having springs of 4, 9, 15 mm pitches the ratio Nu(et)/Nu(st) 
increases in general. However, for tube with of 42 mm pitch it remains 
more or less constant and slightly greater than one. This may be because, 
as we increase the pitch of spring, the enhanced tube starts behaving more 
and more like a smooth tube. 

Fig 4.14 shows the variation of fractional increase in friction factor, [f(et)/f(st)], with 
Re for enhanced tubes. It is seen that, 

• In general this ratio decreases slowly as Re is increased. The ratio is 
minimum for the tube having spring of 42 mm pitch and maximum for the 
tube having spring of 9 mm pitch. 

Fig. 4.15 shows the variation of efficiency index, H , with Re and it is seen that, 

• As Re increases, efficiency increases. However, the rates of increase are 
different with different springs. 

• It is maximum for tube having spring with a pitch of 42 mm. It is because, 
though the heat transfer augmentation is small, but simultaneously the 
increase in pressure drop is so small, that the efficiency ,rj , becomes high. 

Figures 4.16 to 4.23 show the variation of Average Nusselt number (4.16, 4.17), 
friction factor(4.18, 4.19), Nu(et)/Nu(st) (4.20, 4.21) and f(et)/f(st) (4.22, 4.23) with 
pitch of the spring, used in the tube as an augmenting device. It is seen, 
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Fin 4 16-Variation of Nusselt Number with pitch of the spring 


5903 

6366 

7215 

7948 

8643 


► • O □ 


I 

i 



O 

CO 


o 

or 


LO 


§ 


LO 

CO 


O 

CO 


IX) 

CD 


LO 

in 


laniiinKi uneenki qRdiqaw . 


LO 

CM 


O 

CM 


Pitch of spring (mm) 



► ♦ o □ 


i 

O O N CO CO 
O O CO CvJ CD 
Tt T- 00 00 
C\J CO Tf LD 

II II II II II 

CD CD 0 0 0 

a: aura: a: 


►OG 
K* □ 


0 j 

& 0 / 

» □ / 
* □ / 

• D / 

• □ / 
k n I 




o □ 


I 

CO CD ID 00 CO 
OCO-r-Tj-^t 
CD CO CM CD CD 
LO CO h- h- 00 

II II II II II 

0) CD CD CD CD 

DC DC DC DC QC 


► • OB/ 
► • OO j 

► • on / 

► • O 0 / 

► • ©□ / 

► • OB f 


► i 

► • 

► t 

► « 


on 

00 / 


O 0 / 
OD / 
► ♦ O 0 / 


► t 
► « 

► # 

► « 


► # 
► • 

► « 

► « 

► * 

► ♦ 

► « 

► t 



O0 

oo 

00 / 

O 0 / 

o □ ! 

o □ / 

o 0 / 

• 00 / 

0 0 / 

o □ • 

o □ / 

00 / 

o □ / 

00 / 

o a / 
o □ / 

o 0 / 


O 


lO 

CO 


o 

00 


to 

C\J 


o 

c\j 



T 


Pitch of spring (mm) 

i a-\/oriatinn nf Frintinn Factor with Ditch of ths spring 



58 



Pin A on-\/ariatinn of Fractional increase of Nusselt Number with pitch of the spring 



Re = 2400 
Re = 3400 
Re = 41 67 
Re = 4823 
Re = 5363 
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• In all the plots as we increase the pitch of spring the Nu, I", Nu(el)/Nu(st) 
and f(et)/f(st) first increase, reach a maximum and then start decreasing. 
The probable explanation is as follows, 

When the pitch of spring is very small the tube with spring behaves 
more like a smooth tube of reduced diameter. Therefore, as in smooth 
tube, the augmentation of heat transfer and increase in pressure drop are 
less. As we increase the pitch of spring the resistance to flow starts 
increasing. The flow gets disturbed and looses its characteristic of fully 
developed flow. As a result turbulence increases and heat transfer and 
pressure drop increase. However as the pitch of spring becomes very large 
the flow behaviour again started tending to be more like the smooth lube 
of original diameter. Therefore, again heat transfer and pressure drop 
across the section decrease. That is why we find a maxima in all these 
plots. 

Fig 4.24 • Fig 4.25 shows the variation of efficiency index with pitch of the spring. It 
is clear that, 

• The efficiency index plots have a minima in between 5 and 10 mm pitch. 
Although the heat transfer augmentation is largest for the spring with pitch 
of 9 mm, the increase in pressure drop is so large that the efficiency index 
is minimum. 

• On the other hand the efficiency for 42 mm pitch spring is higher. It is 
because the increase in pressure drop is very less vis a vis increase in heat 
transfer. 


4.6 CONCLUSIONS 


Experimental studies on fully developed How through a tube subjected to a 
constant heat flux and with helical coil springs as the heat transfer augmenting device 
placed in the How demonstrated the following: 
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• The heat transfer augmentation and the increase in pressure drop is 
dependent not only on Re, but also on pitch of the spring. It is evident 
from the data that there will be one optimum pitch at which heat transfer 
would be maximum and so was the case with pressure drop. 

• As far as the performance of this as an augmenting device was concerned, 
this was definitely not the best choice. It is because of the excessive 
pressure drop across the tube. If the spring of optimum pitch is inserted 
inside the tube, the heat transfer will be very large, but the corresponding 
pressure drop is so large that the pumping power for fluid flow will 
increase to very large extent and will be undesirable. 

• If we compare this device with the other devices mentioned in Table 2.1, 
it is definitely better than the mesh inserts, brush inserts and disks and 
rings or streamline shapes and propeller type baffles. Only the twisted 
tapes, wire coils and inline propellers give better performance. 

However further experiments are required before assessing its 
performance with respect to other devices. 

As described earlier, to evaluate the performance of an augmenting device 
efficiency index was calculated and compared with those of other devices. In 
the present study, efficiency index for the spring of 42 mm pitch was the 
highest of all the four springs. Therefore this spring should be the most 
suitable one of all the four springs as an augmenting device. However if we 
look Table 4.8, we observe that the heat transfer augmentation is lowest for 
this spring. This is somewhat confusing that the spring having lowest heat 
transfer augmentation has been judged as the most suitable augmenting 
device. In fact the definition of efficiency index itself is somewhat deceptive. 
It is unity for a smooth tube where no heat transfer augmentation takes place 
while it is less than unity for many devices though they are increasing the heat 



transfer. Iherefore wc conclude that, to evaluate the performance or assess 

any augmenting device, efficiency index should not be used blindly. 

• Efficiency index can be considered as a suitable criterion for evaluating 
the performance of device if the cost involved in pumping the fluid is very 
important. Higher the value of efficiency index, better will be the 
augmenting device. 

• Fractional increase in Nusselt number [Nu (ET) / Nu (ST)] should be used 
as an evaluation criterion and not the efficiency if heat transfer is very 
important and not the pressure drop. Higher the fraction, better will be the 
augmenting device. 

4.7 Suggestions for further work 

As already mentioned that to predict accurately the performance of spring as 
an augmenting device, further experiments are required. Therefore it is suggested that, 

• Experimental study with more springs with varying pitches is needed to be 
carried out. 

• Experiments with springs made of wires of different diameter should be 
conducted to investigate the effect of wire diameter on heat transfer 
augmentation. 

• Experimental study should be conducted with different types of test fluids 
so as to find out the effect of Prandtl number on heat transfer 
augmentation. 

• The Re number range in the present experiment comes within the 
transition zone. Therefore, it is suggested that the study must be carried out 
at higher Reynolds number which lie in turbulent zone. 
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